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Karst is a potential geological disaster threatening urban construction. However, the existing methods for evaluating the stability of karst
foundations are qualitative. This makes it difﬁcult to propose reasonable and practical suggestions for optimal treatment measures in engineering
projects. This paper presents a set of quantitative comprehensive evaluation methods to analyze the karst foundations in a residential area of
Tangshan, China. Analyses of the karst formation mechanism and development law are undertaken in combination with a numerical simulation to
evaluate the stability of the karst foundations of urban high-rise buildings using the results of a ﬁeld research to determine the model and the
parameters for the numerical calculation. The depth of inﬂuence of the foundation of an 8-storey building is less than 30 m. Thus, treatment of the
building foundation is not required if there is no karst in the range of 30 m under the surface. However, foundation treatment in the karst zone up
to 7 m is required for a 26-storey building with a depth of inﬂuence of about 60 m in order to meet the requirements of foundation stability.
The employment of a combined approach method is proposed, therefore, as it provides a systematic and practical method for the challenge of
optimizing the foundation treatment method for urban high-rise structures in karst areas.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The features of karst, which develop over and within soluble
rocks, are well-known potential geohazards. They can cause
signiﬁcant engineering problems, such as subsidence and
irregular rock head (Farrant and Cooper, 2008). Karst is
characterized by distinctive landforms and drainage features10.1016/j.sandf.2015.04.002
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der responsibility of The Japanese Geotechnical Society.(Waltham and Fookes, 2003). It is a problematic geology
because it is very hard with the upper layers of the limestone
typically polluted with voids, massive clay seams, and artesian
conditions that are susceptible to large settlements when heavy
foundation loads are placed on them (Dotson and Tarquinio,
2003). Kiernan (1988) and Waltham et al. (2005) noted
numerous cases of structures collapsing, sinkholes engulﬁng
roads, buildings disappearing, and lives being lost in karst
areas. As indicated by Kiernan et al. (1989), karst terrain
presents engineers and land managers with some special
problems, including vulnerable soils, sensitive ecosystems,
falling rocks, the instability of the ground surface, unpredict-
able foundation depths and stability, difﬁculties in obtainingElsevier B.V. All rights reserved.
J. Niu et al. / Soils and Foundations 55 (2015) 493–503494and storing surface water, unexpected catastrophic ﬂooding,
and scarce, unpredictable, and highly vulnerable groundwater
supplies. Karst geological disasters can pose difﬁculties for
planning and development and can be very costly for the
construction and insurance industries. It is regarded as the most
adverse factor in urban land-use planning and in the invest-
ments made for high-rise building projects. Karst caves are
widely distributed in China and exist in about one-third of the
total land area (E’chuan et al., 2009). With rapid economic
development and increasing urbanization, the transformation
of medium- and small-sized cities is on the increase with urban
land becoming more and more scarce. Therefore, evaluating
the stability of karst foundations is the premise to reasonably
transforming urban construction.
Several scholars have undertaken research on the treatment of
karst foundations, cave roof stability, underground voids, and
deformation mechanisms in areas requiring deep excavation
works for underground infrastructures, such as deep base-
ments, subways, and service tunnels. Some of these works have
focused mainly on the evaluation of cave roof stability (Zhou
and Li, 2003; Shi, 2005; Cheng et al., 2005; Cao et al., 2005;
Zhao et al., 2007; Jiang et al., 2008; Gotman, 2008; Wu et al.,
2011; Han et al., 2012), the inﬂuence of caves on the foundation
bearing capacity (Liu et al., 2003, 2011; Pan et al., 2009;
E’chuan et al., 2009; Baryakh et al., 2008; Asakereh et al.,
2013), and the treatment of karst foundations (Wang, 1988;
Donnelly et al., 2009; Zhang, 2010, 2012; Knight et al., 2010;
Zhang et al., 2011, 2013; Zheng et al., 2011; Abdeltawab, 2013).Fig. 1. Location oIn order to gain a better understanding of the mechanisms during
deep soil excavations, Lam et al. (2014) undertook centrifuge
model tests in slightly over-consolidated soft clay by monitoring
ground surface settlements and changes in pore-water pressure to
forestall excessive ground movements induced during such
excavations which could cause damage to neighboring struc-
tures. However, most of the existing methods for evaluating
geological disasters brought about urban karst are either quali-
tative or semi-quantitative, with little work done using the
quantitative evaluation theory and methods. This is possibly
due to the complexity of urban environments, the regional
characteristics of karst geological hazards, and the inﬂuencing
factor between the caves and the foundation bearing capacity.
In addition, as indicated by Asakereh et al. (2013), there is still
a major lack of comprehensive studies on the behavior of
foundations built on reinforced soil with voids similar to karst
caves under repeated loading. Therefore, it is difﬁcult to propose
reasonable and practical suggestions for optimal treatment mea-
sures in engineering projects. Hence, this article is a bid to
introduce a comprehensive quantitative evaluation method, which
combines geophysical exploration, deep drilling, an analysis of the
karst formation mechanism and development law, and a numerical
simulation to evaluate the stability of the karst foundations of
urban high-rise buildings using a karst foundation site existing in
the commercial residential district of Tangshan City, Northeast
China, to the east of Beijing (Fig. 1). It has a unique formation
mechanism and development law, and is very difﬁcult to explore,
evaluate or process.f study area.
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To achieve the set objectives, a geological investigation
involving geophysical exploration, deep drilling, core test-
ing, an analysis of the karst formation mechanism and
development law, a model building, the selection of the
calculation parameters, the calculation of the foundation
stability, and the checking of the cave roof stability (Fig. 2) were
executed sequentially.
The geophysical exploration was conducted to ﬁnd the
distribution of geological anomalies and to conﬁrm the
locations of appropriate drilling positions to verify the
anomalies, in order to expose the karst distribution, while
core tests were implemented to obtain the physical and
mechanical parameters. Two geophysical exploration meth-
ods, namely, the controlled source audio-frequency magne-
totellurics (CSAMT) method and the high density resistivity
method (HDRM), were combined to explore the study area
such that the two methods can verify and complement each
other. The CSAMT method, which can explore deeper areas,
was used to understand the structure and the distribution of
stratigraphic anomalies. As indicated (Wannamaker, 1997; Shi,
1999; Ismail et al., 2011), due to the artiﬁcially controlled
source with much greater signal strength than the natural ﬁeld
source, the CSAMT method is applicable in cities and
suburban areas of strong interference, can reduce external
random interference and the impact of terrain, has a large rangeFig. 2. Flow chart ofof exploration depth (generally the maximum detection depth
can get up to 1–2 km) with high lateral resolution, is able to
sensitively identify the structure and the layer of interest, and
can greatly improve work efﬁciency and labour intensity, since
the electrical sounding of different depths is possible (based on
the principle of electromagnetic skin depth) by changing the
frequency. This is because the emitting of the seven points of
electromagnetic sounding can be completed at the same time.
In addition, since the electric ﬁeld and the magnetic ﬁeld are
received at the same time, the effect of high-resistance
shielding is small, and thus, it can penetrate the high resistivity
layer. The HDRM method, on the other hand, was performed
to detect typical anomalies at shallow depths with a more
accurate detection of abnormal morphology. The method can
obtain the apparent resistivity section on contour maps for a
variety of devices by electrode transformation or data conver-
sion for one observation section, it can conduct on-site real-
time data processing and mapping explanations, and the
measurement process is less cumbersome as a result of the
electrode layout which is conducted all at once, and thus,
prevents faults and disturbance due to the movement of the
electrode while achieving high efﬁciency at a low cost
(Jia et al., 2011; Di et al., 2001). Two exploratory drilling holes
were established as a follow-up to the geophysical exploration
based on the results to verify the revealed geophysical anomalies
and to evaluate the impact they may have on the construction of
high-rise buildings. Five groups of drilling cores, with 11 cores inresearch methods.
J. Niu et al. / Soils and Foundations 55 (2015) 493–503496each group, were subjected to laboratory geotechnical tests
including rock density tests, direct shear tests, uniaxial compression
tests, and deformation tests to understand their physical and
mechanical properties. Based on the exploration and core testing,
comprehensive analyses of the development law and the formation
mechanism of the karst area were also undertaken in order to
determine the geomechanical computational model, including its
physical and mechanical parameters. When analyzing the drilling
results, comprehensive analyses of the geological survey and the
geophysical exploration results, coupled with the experiences of
projects in similar karst areas, were combined to improve the
accuracy of the geological exploration results and to avoid the
limitations and one-sidedness of an analysis of the drilling
results. Furthermore, a numerical simulation was utilized as the
key evaluation method of foundation stability to calculate and
analyze the foundation deformation at different treatment
depths of the karst area, and a simpliﬁed structural mechanics
model was used to verify the stability of the karst roof. Finally
a suggestion for karst foundation treatment is proposed based
on the quantitative evaluation results.3. Results and discussion
3.1. Geological, geophysical, and drilling investigation
In terms of geology, the main strata of Tangshan consist of
the Jixian and Qingbaikou system of the middle to upper
Proterozoic, Cambrian, Ordovician, Carboniferous, and Permian
system of Paleozoic, and the Quaternary system of Cenozoic
(Hongtao et al., 1997). The bedrock, which only outcrops in
Monadnock, is mostly covered by a loose layer of Quaternary
deposit. Folds, caused by early geological tectonics, developed
in the northwest corner of the study area and led to the
stratigraphic sequence inversion, which shows a part of the
Ordovician limestone overturned to the top of the Carboniferous
and Permian strata (Fig. 3).
Karst geological disasters develop widely in Tangshan,
which may be a phenomenon of the karst development inFig. 3. Schematic diagram of the bedrock structure and overturned fold.the study area. However, no karst collapses have been
observed from the ﬁeld geological survey. Thus, the need to
ascertain the existence becomes more imperative. A geophy-
sical investigation, using the two methods, has revealed high
resistivity values in the northwest corner of the study area,
while the obvious low resistivity anomaly occurs at shallow
depths between 40 and 70 m beneath the earth surface, giving
an indication that there might be some small-scale caves and
corrosion ﬁssure fracture zones. As seen in Fig. 4, the pink
rectangles indicate the karst ﬁssure fracture zone and the small-
scale cave development area, the black arrow indicates the
exploratory drill hole position, the blue circle indicates the
water-bearing structure crack zone, and the white circle
indicates the structure fracture zone. The results show the
need for a drilling exploration to further identify the karst
development situation for the location of high-rise buildings.
The two exploratory drilling holes (Fig. 5) were selected by
comprehensively analyzing the results of the two geophysical
exploration methods (with one of them corresponding to the
black arrow denoted in Fig. 4), and conﬁrmed the geophysical
anomalies obtained from the geophysical investigation with the
phenomenal drill pipe sticking, dropping, and serious water
leakage associated with the karst environment occurring during
drilling. The borehole log (Fig. 6) shows the characteristics of
the different strata; however, caves with a large geometric size
were not found. The results of the laboratory geotechnical
testing (Table 1) indicate that yellow marl has the lowest
natural density, while black mudstone has the lowest uniaxial
compressive strength, modulus of elasticity, cohesion, and
angle of internal friction. Gray dolomite exhibited the highest
values of uniaxial compressive strength, modulus of elasticity,
Poisson’s ratio, cohesion, and angle of internal friction. The
noticeably high values for Poisson’s ratio may not be unrelated
to the rock anisotropy.Fig. 4. Resistance inversion proﬁle of SN400 survey line by CSAMT (pink
rectangles – karst ﬁssure fracture zone, the small-scale cave development area;
black arrow – exploration drill hole position, blue circle – water bearing
structure crack zone and white circle – structure fracture zone). (For
interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
Fig. 5. Location of drilling points.
Fig. 6. Borehole log.
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characteristics of karst
Data from the geological environment investigation indicate
that, the fold, which is caused by early geological tectonics,
developed in the northwest corner of the study area. This leads
to the stratigraphic sequence inversion, which is shown as part
of the Ordovician limestone overturn to the top of Carbonifer-
ous and Permian strata. As shown in Fig. 3, Layer O2 indicates
Ordovician limestone and Layer C–P indicates Carboniferous
and Permian strata. Usually, Layer C–P should be newer than
Layer O2, but with the stratigraphic sequence inversion, Layer
O2 overturned to the top of Layer C–P, and with the formation
erosion, part of the surface is shown as Layer O2 and part is
shown as Layer C–P. The drilling exploration veriﬁed the
phenomenon of the stratigraphic sequence inversion (Fig. 6)
and exposed limestone right below the overburden layer, while
the Carboniferous and Permian strata are below the limestone.
As direct contact between the Ordovician limestone and the
Quaternary overburden, the ﬁssures near the contact zone
develop well because of the weathering which enlarges the gas
and hydraulic channels. The dissolution of limestone increases
gradually and, as a consequence of the long-term effects of
groundwater, small-scale caves and corrosion ﬁssures are
formed over time in the shallow buried Ordovician limestone.
Based on the comprehensive analysis of the geophysical
exploration and drilling exploration, it is concluded that the
karst of the study area mainly develop in shallow buried
Ordovician limestone in the northwest corner of the study area,
small-scale caves and corrosion ﬁssures are well developed,
and the range of karst in depth is 0–50 m under the Quaternaryoverburden, which is about 30 m thick. This means there is
Ordovician limestone under the Quaternary overburden where
the karst develops, and the range of karst in depth is 30–80 m
under the surface. According to the deep drilling, it can be
predicted that the heights of the caves are generally in the
range of 0.1 to 0.5 m, individually, reaching nearly 1 m. The
caves are poorly connected to each other and generally exist in
isolation, while there are bead-string distribution caves in the
vertical direction. Most of the caves are ﬁlled, and the ﬁlling
material is mainly cohesive soil or cohesive soil mixed with
gravel (Fig. 7).
3.3. Karst foundation stability simulation
Based on the stratigraphic information (including the geophy-
sical exploration results [Fig. 4] and the drilling exploration
results [Fig. 6]) and the mechanical parameters derived from
various surveys, explorations, and tests, the simpliﬁed geological
Table 1
Physical and mechanical properties of rock.
Test item Density test Uniaxial compression and deformation test Direct shear tests
Test group Lithology Natural density
ρ (g/cm3)
Uniaxial compressive
strength σc (MPa)
Modulus of elasticity
E (GPa)
Poisson’s ratio μ Cohesion C (MPa) Internal friction
angle φ (1)
1 Gray limestone 2.736 59.40 69.01 0.230 23.41 37.42
2 Yellow marl 2.575 53.97 50.14 0.229 23.59 37.22
3 Gray dolomite 2.670 109.32 74.37 0.256 28.71 43.55
4 Dark gray sandstone 2.612 99.06 27.75 0.132 26.88 39.70
5 Black mudstone 2.670 16.97 19.34 0.226 8.76 34.84
Fig. 7. Dissolution phenomenon exposed by drilling.
Fig. 8. General geological model.
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which the inﬂuences between the karst caves and the buildings
above, and the foundation deformation on different treatment
conditions and different karst processing depths is calculated.
From the calculation results, using the Mohr–Coulomb model as
the constitutive model, the best foundation treatment scheme can
be found in the study area. It offers a basis for designing the
engineering construction implementation method. The mechan-
ical parameters used in this calculation (Table 2), are based on
laboratory test results, combined with local experience, and
adjusted according to some ﬁeld factors, such as the core recoveryrate. The equivalent rock elastic modulus, E, and the cohesion, c,
are 1/20 to 1/10 of the test parameters of the rock sample from the
same layer, since it is generally supposed through contrast tests
that the mechanical properties of rock masses, such as the elastic
modulus, cohesion, and the tensile strength, are often only 1/5–1/3
of the corresponding parameter values of rock, or even with more
differences—1/20–1/10, and the Poisson’s ratio of coal rock mass
is commonly 1.2–1.4 times of coal rock (Huang et al., 1999; Cai,
2002; Wang et al., 2003; Chen et al., 2006), while Poisson’s ratio
is 1 to 2 times the test parameters (but not exceeding 0.5) and the
density of the rock mass gravity is determined according to the
bulking coefﬁcient of the undisturbed and the broken rock
samples.
The ﬁnite element method of the numerical simulation with
the SIGMA/W stress–strain analysis module in GeoStudio
Software of GEO-SLOPE was used in combination with the
orthogonal experimental design. By using the most disadvan-
tageous rectangular cave with 1 m 1 m, taking the thickness
of the overburden (30 m) as the average value, the thickness of
karst zone as 50 m, and the single-storey load as 16 kPa, the
gravity stress and additional stress generated by various kinds
of ﬂoors was calculated resulting in the ﬁnite element model
(Fig. 9 whose geometry is obtained from Fig. 4 though in a
simpliﬁed form with only the bottom line of overburden used)
and the stress cloud charts (Fig. 10). According to Chen et al.
(1994), when the additional stress of the foundation is less than
20% of the gravity stress, the impact of the additional stress on
the foundation of that depth is generally negligible. Indications
from the calculation results show that it is unnecessary to drill
Table 2
Numerical parameters for simulation.
Number Material Thickness
(m)
Unit eight
(kN/m3)
Elastic
modulus (MPa)
Poisson’s
ratio
Cohesive
force (kPa)
Internal friction
angle (1)
Remark
1 Overlay 30 20 20 0.25 25 22
2 Karst zone 30 26 1,500 0.20 500 25 Untreated
3 30 27 8,000 0.15 2500 30 treated
4 Relatively complete
limestone
20 27 42,000 0.15 6000 45
5 Fractured sandstone 30 25 5,000 0.20 1500 30
6 Relatively complete
sandstone
40 26 20,000 0.15 4000 40
Fig. 9. Finite element model (used to calculate the karst impact law).
Fig. 10. Cloud charts of gravity and additional stress.
J. Niu et al. / Soils and Foundations 55 (2015) 493–503 499with the foundation based on the comparison of the calculation
results and the results from Chen et al. (1994). Thus, when a
building is less than eight stories, the depth of inﬂuence is less
than 30 m and the covered karst does not have an impact onthe building. However, when there are karst caves in the
limestone, which is 30–80 m under the surface, caves and
buildings with more than 8 stories have an inﬂuence between
each other (Fig. 11).
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In order to provide a reasonable karst processing scheme for
the project, which is to build 26-storey high-rise buildings in the
karst area, based on the drilling results and relevant information,
the geological model of the study area was simpliﬁed on the
assumption of the horizontal distribution of formations, and the
numerical simulation model of the study area was established
(Fig. 12). In this model, the two white areas stand for the 10-m-
deep excavation of two foundations of the two 26-storey
buildings designed for the study area. Different formation
materials are distinguished by different colors, and as we move
down the model, we ﬁnd the overburden, the karst zone (treated
and untreated), relatively complete limestone, fracture sand-
stone, and relatively complete sandstone. The red vertical lines
stand for piles (design parameters: diameter 800 mm, interval
5 m, and length 20 m) while the red horizontal lines stand for
the raft foundation. To analyze the site stability of the new high-
rise buildings comprehensively, the stress and strain ﬁniteFig. 11. Stress pattern along the depth (counting from the surface).
Fig. 12. Finite element model (calculated karst foundation stability). (For interpreta
web version of this article.)element method is widely used (Fig. 13), and during the process
of the numerical calculation, three conditions are considered,
namely, the natural foundation (Fig. 13a), the pile foundation
with an untreated karst zone (Fig. 13b), and the pile foundation
with a treated karst zone (Fig. 13c). Hence, based on the results
considering a 26-storey building load, the deformation and the
uneven settlement of the karst area are too large to meet the
requirements (GB 50007-2011, 2011; JGJ 72-2004, 2004) under
the condition of a natural foundation (Fig. 13i). Although the
deformation and uneven settlement are greatly reduced by the
pile foundation design (Fig. 13ii), the requirements can still not
be met. There is a need to treat the karst zone for 7 m (Fig. 13iii)
to meet the requirements.
3.5. Cave roof stability checking
With the caves under the processed foundation as the research
object, and using the processed foundation obtained from the
numerical simulation as the cave roof, a check on the cave roof
stability with the quantitative evaluation method suggested in
engineering geology manual (The Committee of Engineering
Geology, 2007) is carried out to further ensure the reliability of
the results of the karst foundation stability numerical calculation,
and the security of the karst foundation treatment scheme. The
cave roof and the bearing rock are relatively complete, and the
rock stratum is relatively thick, while the cave span is relatively
large, the bending moment is the main controlled condition.
Therefore, the checking results of bending and shearing resistance
are chosen as a rule to estimate the safe thickness of the roof and
to check the cave roof stability. The relevant parameters include
a unit width of the roof of 1 m, a roof bedrock modulus of
elasticity of 8 10̂6 kPa, a compressive strength of limestone of
20,000 kPa, and a building load for each layer of 16 kPa, so the
26-story building load is 416 kPa, the minimum treatment
thickness has been conﬁrmed at 7 m, according to the foregoing
calculation, and the depth of the soil gravity stress is determined
to be about 800 kPa. Taking the cave span as 1 m, 2 m, 3 m, 4 m,
and 5 m, successively, the corresponding roof safety thicknesstion of the references to color in this ﬁgure legend, the reader is referred to the
Fig. 13. Vertical displacement and additional stress cloud chart of 26-storey buildings.
Table 3
Minimum safe thickness for cave roof.
Cave span Safety roof thickness (m)
Simply supported beam Fixed beam Shear strength Roof catastrophic destabilizing (reference value)
Formula (m) HminZ
ﬃﬃﬃﬃﬃ
6M
bσ
q
HminZ
ﬃﬃﬃﬃﬃ
6M
bσ
q
HminZ
ﬃﬃﬃﬃ
4Q
τ
q
HZ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
6L6qπ4
E
3
q
1 0.604 0.493 1.208 0.446
2 1.208 0.986 1.708 0.892
3 1.812 1.479 2.092 1.339
4 2.416 1.973 2.416 1.785
5 3.020 2.466 2.701 2.231
J. Niu et al. / Soils and Foundations 55 (2015) 493–503 501was calculated (Table 3.) Thus, it was observed that, when the
karst zone is reinforced by grouting for 7 m, the roof safety
thickness of the caves with a span of 1–5 m is less than 7 m.
This conﬁrms the reliability of the numerical analysis. Using the
karst foundation treatment method recommended by this study,
the project has been completed with a great deal of treatment cost
saved, and the foundation is shown to be stable since the
buildings were put to use. These points effectively verify the
validity and the practical and reference values of this study.4. Conclusions
A quantitative evaluation of foundation stability in the Tangshan
karst area of China has led to the following conclusions:
In the area under investigation, karst caves are distributed
between 30 and 80 m under the surface. Relative to the
surrounding areas, the karst landscape in the study area is
extensive, possibly due to its unique formation mechanism
and developmental characteristics.
J. Niu et al. / Soils and Foundations 55 (2015) 493–503502The depth of inﬂuence of the foundation of an 8-storey
building is less than 30 m. Thus, treatment of the building
foundations is not required if there is no karst in the range of
30 m under the surface. However, foundation treatment in the
karst zone up to 7 m is required for a building with 26 stories
and a depth inﬂuence of about 60 m to meet the requirements
of the foundation stability.
Employment of a combined approach using geophysical
exploration, deep drilling, an analysis of the karst formation
mechanism and development law, core tests, and a numerical
simulation has led to a signiﬁcant reduction in the handling
charges of the karst foundation.
Hence, the method is proposed as it provides a systematic
and practical method for the challenge of optimizing the
foundation treatment method of urban high-rise construction
in karst areas. This method can be used for reference when
conducting a quantitative evaluation of similar projects, such
as mining geologic subsidence.Acknowledgements
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